A procedure is presented for experiments on naked unfrozen protein crystals with the crystal mounted in a conventional cryo-loop and surrounded by a stream of a wet gas. The composition and temperature of the vapour stream can be adjusted to keep the crystal without deterioration for many hours. The arrangement allows (i) for rapidly testing crystals for diffraction before freezing, (ii) for data collection between 268±303 K with greatly reduced background, (iii) for the controlled drying or wetting of crystals, (iv) for the anaerobic manipulation of protein crystals, and (v) for the introduction of gaseous or volatile ingredients and reactants into the crystal. The technique offers new experimental possibilities, e.g. in time-resolved structural studies. Reaction initiation in many protein crystals can be achieved by changing the composition of the vapour stream to create a new chemical environment around the crystal and to introduce substrates/reactants either in the gas phase or as microdroplets. Spectral changes during such reactions can be monitored by single-crystal microspectrophotometry, and, once an intermediate has been detected at high concentrations, the crystal can be frozen, e.g. by rapidly switching the warm vapour stream to a cryogenically cooled helium or nitrogen jet. Representative examples are presented in this paper.
Introduction
Developments in cryocrystallography have triggered a small revolution in structural biology. A whole range of protein samples can now be analysed at ease without signi®cant deterioration at low temperatures. There are, however, samples which cannot be frozen ef®ciently and experiments where freezing is not desirable. Room-temperature studies of protein crystals are essential for testing crystals and for the initiation and monitoring of enzymatic reaction in certain time-resolved crystallographic experiments. Most timeresolved studies on catalysis, for instance, require temperatures above the freezing point at some stage so as to permit the diffusion of reactants into the crystal and the development of chemical and structural transitions during the reaction. The most labour-intensive part of any time-resolved structural study is the search for`the condition' under which a build-up of a reaction intermediate can be achieved. Once found, crystals with the desired intermediates can be¯ash frozen, and X-ray data to the highest possible resolutions can be collected at low temperatures (for a recent review of results, see Hajdu et al., 2000) .
Traditionally, room-temperature studies of macromolecular crystals are performed by sealing the crystal in a glass or quartz capillary where droplets of mother liquor maintain a wet atmosphere around the crystal. However, once the crystal is mounted in the capillary the environment cannot be changed easily. A way around this is offered by the¯ow-cell technique (Wyckoff et al., 1967; Hajdu, Acharya et al., 1987; Hajdu, Machin et al., 1987) , but those who have tried it will know not only the beauties but also the dif®culties of this approach. The mounting procedure contains a number of critical moments and crystals can easily be damaged. More signi®cantly, crystals in a¯ow cell cannot be frozen ef®ciently for trapping reaction intermediates.
Here we describe a technique for X-ray data collection, reaction initiation, reaction monitoring and intermediate trapping in naked protein crystals within the temperature range of around 268±303 K. The method requires no modi®cation to established crystal mounting techniques in conventional cryogenic experiments.
Results and discussion

Instrument layout
The crystal is mounted in a thin ®lm of its mother liquor within a conventional cryo-loop, and placed into a wet vapour stream, the composition and temperature of which can be controlled. A laminar¯ow of wet gas is allowed to¯ow past the crystal. Fig. 1 shows the layout and the components of the vapour-stream apparatus. An air stream is generated either by a membrane pump, or from a gas bottle. The¯ow is monitored and regulated by a¯ow meter. Gas is dispensed into the liquid through a sintered metal diffuser. The liquid is kept in a bottle ®tted with a gas-tight lid with holes for inlet and outlet tubing. Any condensed liquid is trapped in another bottle before the gas is led into the nozzle. The nozzle provides a laminar gas ow at the tip, and can be mounted into the X-ray camera. For experiments requiring other than room temperatures, the temperature of the liquids and that of the nozzle can be regulated in the range of 268±303 K by a Peltier device.
Alignment and calibration of the gas flow
In order to ensure a laminar¯ow past the crystal, the opening of the nozzle needs to be close to the crystal, typically 5±8 mm, and aligned so that the crystal is in the centre of the wet gas stream. This is similar to cryogenic experiments and an angle producing the least turbulence is preferred. The gas¯ow is calibrated so as to prevent the crystal from drying or taking up excess humidity from its surrounding. Calibration can easily be performed by placing a droplet of the mother liquor on the loop, and adjusting the¯ow rate, temperature or composition of the vapour stream (we suggest doing this in this order) so that the drop neither shrinks nor grows. Experience shows that plain distilled water can often be used to maintain the necessary humidity around the droplet or the crystal. If gas is bubbled through room-temperature water, typical gas¯ows required to keep the drop size stable are around 0.5 l min À1 for crystals grown from 2 M ammonium sulfate at pH 6±7. The humidity of the gas can be manipulated by changing the temperature of the humidifying liquid or by changing its composition.
2.3. Room-temperature data collection Fig. 2(a) shows a simple version of the vapour-stream apparatus installed on a MAR oscillation camera on a rotating anode X-ray source. A crystal of cytochrome cd 1 nitrite reductase was mounted in a cryo-loop and kept in a stream of humidi®ed air. Good quality data were collected for 10 h before the crystals started to show signs of radiation damage. No slipping of the crystal in the loop could be detected (these are not very small crystals). Fig. 2(b) shows a diffraction image extending to high resolution from the crystal in the vapour stream. This image was taken 5 h after the start of data collection.
Reaction triggering in crystals
The vapour-stream apparatus allows for a wide range of approaches in reaction triggering for time-resolved structural studies in protein crystals. The gas stream around the crystal can rapidly be changed to produce a new chemical atmosphere. Fig. 3 shows examples with various triggering methods, where changes in the colour of the sample were monitored by single-crystal microspectrophotometry (Fig. 3a ) (see Had®eld & Hajdu, 1993, and www.4dx .se).
2.4.1. Introduction of substrate by change of gas. Fig. 3(b) shows spectral changes in a reduced crystal of cytochrome cd 1 nitrite reductase/oxidase as a wet nitrogen gas stream¯owing past the crystal is quickly changed to a wet oxygen stream to trigger catalysis. The reduced form was obtained by treating oxidized crystals with sodium dithionite (Williams et al., 1997) . One of these crystals was placed in a nitrogen stream humi-di®ed by oxygen-free water. The crystal mounted in a cryoloop was kept in the wet nitrogen stream for two hours without re-oxidation by molecular oxygen from the surrounding air. Oxygen reduction was initiated by switching the wet nitrogen gas¯ow to a wet oxygen gas¯ow. The results show that complete re-oxidation of the crystal by oxygen happens within a few seconds (see Sjo È gren & Hajdu, 2001) .
2.4.2. pH jump by changing the humidifying liquid. Volatile buffers offer the possibility to trigger controlled pH jumps in the sample. In Fig. 3(c) Reaction triggering and monitoring in the vapour stream. (a) The vapourstream apparatus in the microspectrophotometer (for details on the instrument see www.4dx.se). (b) and (c) show results from two experiments. In (b), a reduced crystal of cytochrome cd 1 nitrite reductase/oxidase (Williams et al., 1997) was kept under anaerobic conditions in a stream of wet nitrogen gas in the microspectrophotometer. Re-oxidation was triggered by switching to a wet oxygen stream. Spectra were recorded at 3 s intervals with acquisition times of 100 ms. Oxygen reaches the crystal at spectrum number six, and triggers the reaction. (c) pH jump induced in a droplet of a viscous solution (2.3 M ammonium sulfate, 50 mM potassium phosphate pH 7.0), containing 1 mg ml À1 phenol red as pH indicator. Similar experiments can also be performed in crystals. The droplet ®lled a small cryo-loop and was placed into a wet air stream from a bottle containing a volatile buffer (0.5 M ammonium acetate, pH 5.0). A jump to pH 7.5 was triggered by switching the vapour stream from the pH 5.0 ammonium acetate solution to another vapour stream created from an ammonium acetate solution at pH 7.5. droplet of a highly viscous salt solution to which phenol red was added as a pH indicator. The pH jump was triggered by switching the vapour stream of an ammonium acetate solution of pH 5.0 to a vapour stream of another ammonium acetate solution of pH 7.5. The results show that the pH of the droplet changed from pH 5.0 to pH 7.5 within 15 s. This approach has now been used in a number of experiments, for example in studies on elastase crystals where the decay of an acyl intermediate was initiated by a pH jump (Wilmouth et al., 2001) .
2.4.3. Introduction of substrates. Finally, we note that reactions in the crystal can also be triggered by micro-injecting substrates into the mother liquor surrounding the crystal when mounted in the cryo-loop (not shown). This method along with other techniques was used to establish conditions for trapping several reaction intermediates in the catalytic cycle of HRPC (Berglund et al., 2001) .
Conclusions
The concept of the vapour-stream apparatus allows for a wide range of experiments, of which only a few are mentioned here. An obvious extension of these experiments is to combine the vapour-stream apparatus with a cryo-stream to allow for rapid ash freezing of reaction intermediates (Fig. 1a) . In systems where uniform reaction initiation can be obtained, rapid freeze quenching on a millisecond time scale could be obtained by plunging the crystal into liquid nitrogen or propane. Another useful application could be to perform controlled drying or wetting of crystals for structural studies (see e.g. Stammers et al., 1994; Esnouf et al., 1998) or to improve the resolution limit of certain protein crystals by reducing their water content through a methodical search for optimal drying/wetting conditions (Kawashima et al., 1996; Izard et al., 1997) . This could be performed with the crystal mounted on the X-ray camera and diffraction images recorded during the experiment.
A commercial version of the apparatus is available from 4DX-ray Systems AB (www.4dx.se), and this can easily be incorporated into existing synchrotron beamlines. This work was supported by the Swedish Research Councils and the EU-Biotech programme.
